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L. Tibaldo Fermi LAT observations of diffuse γ-ray emission of 25

• The diffuse γ-ray sky

• Recipes to model Galactic 
interstellar emission

• Implications for cosmic rays

• Evaluating systematic 
uncertainties due to diffuse 
emission modeling

2

Outline



of 25L. Tibaldo Fermi LAT observations of diffuse γ-ray emission

The (diffuse) γ-ray sky

3

Fermi LAT, 4 years, energies > 1 GeV
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unresolved
sources

Galactic interstellar 
emission:

cosmic rays +
interstellar gas/photons

isotropic (extragalactic?) 
γ-ray background 

exotic Physics?
dark matter?
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Galactic interstellar γ-ray emission

• cosmic-ray interactions, 
distribution

• its understanding enables us 
to search for

- sources

- extragalactic emission

- dark matter
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Ingredients: CR sources and transport
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Figure 1. CR source density at z = 0 in arbitrary units as a function of
Galactocentric radius. Solid black curve: SNRs (Case & Bhattacharya 1998).
Dashed blue curve: pulsars (Lorimer et al. 2006). Dotted red curve: pulsars
(Yusifov & Küçük 2004). Dash-dotted green curve: OB stars (Bronfman et al.
2000). While the units are arbitrary, the relative normalizations of the curves
in the figure match those found in the GALPROP models used in this analysis.
The CR flux of the models is normalized to the observed CR flux at the solar
circle after propagation. The normalization is done at 100 GeV and is therefore
unaffected by modulation.
(A color version of this figure is available in the online journal.)

of CR sources, we consider the distribution of OB stars from
Bronfman et al. (2000, hereafter OB stars distribution). OB as-
sociations are putative CR acceleration regions and these stars
are also the progenitors of core collapse SNe that can leave com-
pact objects, such as pulsars. The four CR source distributions
used in this paper are plotted in Figure 1.

To determine the CR injection spectra and propagation param-
eters we perform a χ2 fit to CR nuclei, electron, and positron
data, using the Minuit263 minimizer. To reduce computation
time, the fit is done in two parts. The propagation parameters
and CR nuclei injection spectrum are found from a fit to the CR
nuclei data first. The electron injection spectrum is then found
by fitting to the total CR electron and positron spectrum, includ-
ing the contribution by secondary electrons and positrons from
CR protons and He interacting with the interstellar gas. Fitting
the propagation parameters in the first step decreases the com-
putation time because nuclei up to 14Si must be included in the
propagation calculation for an accurate B/C ratio determination,
while for the secondary electrons and positrons only protons and
He are important. Not calculating the secondary electrons and
positrons in the fit to the propagation parameters also saves a
considerable amount of time. We use the CR database created by
Strong & Moskalenko (2009) and use the data sets and param-
eters as discussed below. When comparing the models to the
CR data we account for solar modulation using the force-field
approximation (Gleeson & Axford 1968). In addition to the
propagation parameters, the modulation potential for each ex-
periment that has data below a few GeV (AMS, BESS, and ACE)
is a free parameter during the fit. For Fermi-LAT and HEAO-3
we fixed the modulation at 300 MeV and 600 MeV, respec-
tively, appropriate for the low solar activity during observations
by each instrument as observed with the ACE satellite (Wieden-
beck et al. 2005). Solar modulation is unimportant for JACEE
data.

63 http://seal.web.cern.ch/seal/snapshot/work-packages/mathlibs/minuit/

3.2.1. Protons and Heavier Nuclei

We assume that the injection spectra for all CR nuclei species
are described by the same rigidity-dependent function

np(ρ) ∝
{
ργp,1 ρ < ρp,
ργp,2 ρp ! ρ,

(1)

where the indices and break rigidities are obtained by tuning the
model to the observed spectrum of CR protons as well as the He,
C, and O nuclei spectra. The low-energy intensity and spectrum
are affected by solar modulation so we use data taken at low
periods in the solar activity cycle. The inclusion of nuclei up to
O is to ensure the major contributor species to the production of
the secondaries B and Be are properly included. For the proton
and He spectra we use low-energy data from BESS (Sanuki
et al. 2000) and high-energy data from JACEE (Asakimori et al.
1998). For the C and O spectra we use low-energy data from
ACE (ACE Team 2005) and high-energy data from HEAO-3
(Engelmann et al. 1990). To determine the diffusion coefficient,
D0, and Alfvén speed, vA, for an assumed halo size, we use the
B/C ratio because it is the most accurately observed secondary-
to-primary ratio. Low-energy ACE (Davis et al. 2000) and high-
energy HEAO-3 (Engelmann et al. 1990) data are used for this
ratio.

The break in the CR proton and He spectrum observed by
ATIC-2, CREAM, and PAMELA (Wefel et al. 2008; Ahn et al.
2010; Yoon et al. 2011; Adriani et al. 2011b) is not taken into
account in this modeling and neither are the different spectral
indices for protons and He. Vladimirov et al. (2011b) explore
different scenarios for the break and different indices and find
that the γ -ray intensities and spectra for their models are smaller
than the systematic uncertainty of the Fermi-LAT effective area.

Because we derive constraints on the halo size from the γ -ray
data, the radioactive secondary ratios are not directly used to fix
the propagation conditions, as is usually the case in propagation
model studies. However, the models are compared to the
10Be/9Be ratio to check the consistency of the constraints
derived from the γ -rays. The 10Be/9Be data uncertainties are
large enough to allow a halo size range from 4 kpc to 10 kpc
(Strong et al. 2007), depending on the assumed propagation
model. We keep the source abundances of nuclei fixed to values
determined for ACE data (Moskalenko et al. 2008).

3.2.2. Electrons and Positrons

We assume the injection spectrum of primary CR electrons is
described by the rigidity-dependent function

ne(ρ) ∝
{

ργe,1 ρ < ρe,1,
ργe,2 ρe,1 ! ρ < ρe,2,
ργe,3 ρe,2 ! ρ,

(2)

and use data from AMS (Aguilar et al. 2002), Fermi-LAT
(Abdo et al. 2009c; Ackermann et al. 2010) and H.E.S.S.
(Aharonian et al. 2008, 2009) to determine the spectral indices
and break rigidities.64 Unfortunately, the data are insufficient
to constrain the entire parameter set and unphysical values are
obtained if all are freely fit. We therefore fix the values of
γe,1 = 1.6 and γe,3 = 4, allowing only for freedom in ρe,1,
ρe,2, and γe,2. The γe,1 used in this paper is consistent with
that employed by Strong et al. (2011) for modeling the Galactic

64 The CR electron spectrum measured by PAMELA (Adriani et al. 2011a) is
consistent with the Fermi-LAT data.
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• CR source distribution

- supernova remnants, pulsars, 
massive stars ...

- spiral arm structure?

• CR injection spectrum at 
sources

• transport mechanism(s) 

- diffusion coefficient

- role of convection, 
reacceleration?

• size of propagation volume
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Figure 31. Comparison of model SSZ4R20T150C5 (black solid curve),
SLZ6R20T∞C5 (blue dashed curve), SYZ10R30T150C2 (red dotted curve), and
SOZ8R30T∞C2 (green dash-dotted curve) to CR observations of B/C ratio
(top), and 10Be/9Be ratio (bottom). In addition to the data we used for the CR
fit (see Section 3.2) we also show data from CREAM (Ahn et al. 2010), ACE
(Yanasak et al. 2001), and ISOMAX (Hams et al. 2004). Error bars for the
x-axis indicate bin width and error bars for the y-axis include systematic error.
Models are corrected for solar modulation with the modulation potential shown
in Figure 36. 10Be/9Be ratio uses modulation for ACE. For a direct comparison,
we also show the interstellar spectrum of the components as thin curves.
(A color version of this figure is available in the online journal.)

We have also explored how the uncertainties affect the CR
propagation (Figure 32), aiming for a self-consistent model
by incorporating the XCO values found from the γ -ray fit
into the propagation parameter determination and transport
calculations. Self-consistency, as used in this paper, is intended
to ensure that the CR secondary-to-primary ratios and other
direct measurements are consistent with the assumed TS and
fitted XCO, which affect the gas density and hence CR secondary
production. For an assumed set of input parameters, this is
obtained by adjusting the spatial and momentum-space diffusion
coefficients via D0 and the Alfvén speed vA, respectively. For
the CR protons and He the propagated CR intensities and spectra
are determined mostly by the assumed CR source distribution
and boundary conditions because their energy loss timescales
for the energies of interest in this paper are long compared to

Figure 32. Resulting propagation parameters from the fit to CR nuclei data. Top
shows D0 and bottom shows vA.
(A color version of this figure is available in the online journal.)

the propagation timescale. The CR electrons and positrons are
more strongly affected by changes in the diffusion coefficient
and halo size because their energy losses are much faster. The
modeled CR intensities and spectra are also constrained by
their normalization to the locally measured data, so the self-
consistency requirement does not significantly change the γ -ray
models and results for these models in this paper. Nevertheless,
it is an important criterion to ensure that the origin of systematic
effects from the assumed input parameters can be properly
attributed. It is important to also emphasize that uncertainties
in the input parameters can also affect the determination of
the propagation parameters. Simply assuming that one set of
propagation parameters applies equally to all variations of, e.g.,
assumed CR source distributions, is incorrect. Note that even
though we have assumed a diffusive-reacceleration model for
the CR propagation, this applies to the other variants such as
pure diffusion models, models with convection, and so forth.

6. SUMMARY

This paper presents a systematic study of several basic
parameters for global models of the DGE using Fermi-LAT data.

27
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Ingredients: targets
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• gas distribution from

- radio lines (Doppler shift → 
distance), e.g., CfA CO 
survey

- dust emission/extinction, 
e.g.., Planck

• photon fields from 
(observations+models)

- starlight

- dust irradiated by stars

- CMB

CO traces molecular hydrogen
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Ingredients: interaction models
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Spectrum of Cosmic Rays from Diffuse Gamma Rays
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 1: Cross section data for inclusive π0 and resonance production in p-p collisions. (left) Inclusive cross-section data
(red points) are from [18, 7], and cross-section data for single π0 production, and Δ(1238), and N∗ resonances, as labeled,
are taken from [12] and references therein. Component and total inclusive cross sections are shown by dashed and dotted
curves for models of [6] and [11], respectively. (right) Inclusive cross-section data for pion production extending to high
energies, including LHC data and fit from [16], and fit of [6].

3 Determining the interstellar cosmic-ray
spectrum

Using the newly-measured emissivity spectrum [4], we can
proceed to explore interstellar CR spectra that are com-
patible with it. The analysis is performed by first comput-
ing the matrices connecting model CR spectra to the ob-
served gamma-ray emissivities, in energy bands, and then
scanning the parameter space of the models. The method
is Bayesian, allowing a complete scan of the parameters,
computing posterior probability distributions, mean values
and error bars, while correctly accounting for the correla-
tions among the parameters.
To illustrate the method, the measured emissivities have

been fitted with γ-ray spectra calculated for a broken power
law in momentum for protons and Helium, with the free
parameters being break momentum, spectral index below
and above the break, and the overall normalization. The
range of break momentum scanned is 1–20 GeV, since this
is found necessary to fit the emissivity spectrum. The CR
He/p ratio is fixed to the value measured by PAMELA at
100 GeV/nuc [3], and the He and p spectra are assumed to
have the same shape (since they cannot be distinguished in
gamma rays). Note that CR spectra are expressed as par-
ticle density per momentum.1 The use of a sharp break
in the CR spectrum is over-simplified but serves to illus-
trate the method; more physically plausible spectra (e.g.,
smooth breaks) are also being investigated, but they do not
lead to essentially different conclusions.
The first set of hadronic cross sections used is from [6].

The p-p cross sections are scaled for p-He, He-p andHe-He
interactions using the function given in [15]. The second
set is from [11] below 20 GeV, [10] (QGSJET) above 20
GeV. For [11] the p-p cross sections are scaled for p-He,
He-p and He-He interactions using [15]. For [10] the p-p,
p-He, He-p cross-section are provided, so only He-He is

scaled from p-p. The He fraction in the interstellar medium
is taken as 0.1 by number.
The electron (plus positron) spectrum producing

bremsstrahlung is based on Fermi-LAT measurements
above 10 GeV [2], with a break below 3 GeV as indicated
by synchrotron data [21]. The synchrotron data shown
there require a flattening of the interstellar electron spec-
trum by about 1 unit in the spectral index below a few GeV,
so this is used as a constraint; the actual low-energy index
is determined by the fit to the emissivities.
The resulting cosmic-ray proton and electron spectra

and the corresponding emissivities are shown in Fig 2. The
fit to the measured emissivities is good, as can be expected
with the freedom allowed. The proton spectrum, having
been determined from gamma rays (and gas tracers) alone
with no input from direct CR measurements except for the
He/p ratio, is close to that measured directly at high ener-
gies. The solar modulation is clearly seen in the deviation
of the interstellar spectrum from the direct measurements
below 10 GeV. Bremsstrahlung gives an essential contribu-
tion below≈ 1 GeV, and is an important component in the
analysis.
In this particular example, the interstellar proton spec-

trum steepens by about 1/2 unit in the momentum index
above a few GeV, compatible with expectations from the
cosmic-ray B/C ratio, which shows a similar break due
to propagation. A power-law injection in momentum mod-
ified by propagation would then be a plausible scenario.
The spectrum shown for [6] cross sections has momentum
index 2.5 (2.8) below (above) 6.5 GeV, with a scaling fac-
tor 1.4 relative to PAMELA at 100 GeV; for the [11], [10]
cross sections, the values are 2.4 (2.9) and 1.3, with the
same break energy. The formal significance of the break is

1. Following the physical motivation explained in [8], we
plot the density as a function of momentum n(p), because
the flux j(Tp) = (βc/4π)n(Tp) = (βc/4π)|dp/dTp|n(p) =
(c/4π)n(p).

• data and theory from particle 
physics

• for nuclear interactions

- limited measurements (bullet 
energies, bullet/target 
species, angular distribution)

- bridged by theoretical 
framework(s)

- 5-15% uncertainties at Tp < 
10 GeV

Dermer 1986

Kamae+ 2006
Kachelrieß & 

Ostapchenko 2012

LHC data+
QGSJET predictions

Dermer 1986

γ rays seen by 
Fermi

Dermer+ 2013, ICRC, arXiv:1307.0497

data compiled
by Stecker 1973
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Recipe 1: CR propagation codes

• calculate CR propagation in the 
Galaxy

• simplified but realistic model of the 
Galaxy from observations

- cosmic-ray sources

- targets for gamma production

• Fermi LAT collaboration extensively 
uses GALPROP (Strong, Moskalenko 
et al.)

• agreeement with LAT data within 20% 
over whole sky
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Figure 18. Latitude profile showing the outer Galaxy in the energy range 200 MeV–1.6 GeV. Shown are profiles for models SSZ4R20T150C5 (top left), SLZ6R20T∞C5
(top right), SYZ10R30T150C2 (bottom left), and SOZ8R30T∞C2 (bottom right). The DGE model is split into the three different gas components: H i (red, long-dashed),
H2 (cyan, dash-dotted), and H ii (pink, long-dash-dash-dotted), and also IC (green, dashed). Also shown are the isotropic component (brown, long-dash-dotted), the
detected sources (orange, dotted), total DGE (blue, long-dash-dashed), and total model (magenta, solid). Fermi-LAT data are shown as points with statistical error
bars and the systematic uncertainty in the effective area is shown as a gray band. Due to the evenness of the sky exposure of the Fermi-LAT, the systematic error is
not expected to be position dependent, only global normalization for the profile. The inset sky map in the top right corner shows the Fermi-LAT counts in the region
plotted. The bottom panel shows fractional residuals (data − model)/data.
(A color version of this figure is available in the online journal.)

additional freedom allowed in the diffuse Galactic emission
model in the analysis of Abdo et al. (2010g) where the inten-
sity spectrum of the local H i annulus and the IC component
was allowed to vary freely. The motivations for this additional
freedom were the uncertainties associated with the observed
CR intensities that are around few percent at energies above
100 GeV reaching more than 10% below 10 GeV caused by the
uncertainty in solar modulation, and the size of the CR halo.
The combination of these can produce variations both in the
H i-related and IC emission. Because our models predict the
Fermi-LAT data within the systematic error we do not try to ac-
count for this uncertainty in this analysis. The isotropic spectrum
from Abdo et al. (2010g) is therefore a better measurement. This
does not affect the comparison between the models considered
in this paper because they are all treated identically.

4.6. CR Propagation Parameters

Because the main purpose of the fit to CR data is to obtain
a propagation model consistent with CR observations, we defer
most of the discussion of the results to Appendix D and only
summarize the few key points here. We emphasize that all the
models give a good representation of the CR data as can be seen
in Figures 30 and 31. This has been shown earlier for similar
diffusive-reacceleration models (Strong & Moskalenko 1998).
But models with zh = 10 kpc are at the limit of consistency with
the observed 10Be/9Be ratio and therefore considering larger
values for zh is not warranted.

The propagation parameters from the fits shown in
Figures 32 and 33 are generally in agreement with values found
from similar analyses (Strong et al. 2004a; Trotta et al. 2011).

20
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Recipe 2:  templates
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Figure 6. Residual maps in units of standard deviation in the energy range
200 MeV–100 GeV. Shown are residuals for model SSZ4R20T150C5 (top) and
model SLZ6R20T∞C5 (bottom). The top map shows in addition a sketch of a
few identified large-scale residuals, Loop I (green), Magellanic stream (pink),
and features coincident with those identified by Su et al. (2010) and Dobler et al.
(2010) (magenta). The maps have been smoothed with a 0.◦5 hard-edge kernel.
The kernel is inclusive so that every pixel intersecting the kernel is taken into
account.
(A color version of this figure is available in the online journal.)

not show figures for all of the models considered in the
paper. A few models are chosen for display, selected to show
the range of results, emphasizing the differences between the
models. The figures for all of the models are available in the
online supplementary material. Note that the comparison models
incorporate the factors found from the fit to the γ -ray data so
directly comparing the GALPROP output using the GALDEF
files provided in the online supplementary material will not give
identical results.

4.2.1. Residual Sky Maps

Figure 6 shows the residual sky maps in units of standard de-
viations69 for models SSZ4R20T150C5 and SLZ6R20T∞C5. All
models display large-scale residuals with similar, but not iden-
tical, features. A more physical way of comparing the models
to the data are fractional residual maps, (data − model)/data,
shown in Figure 7 for the same models. The Galactic plane
shows significant (greater than 4σ ) positive and negative struc-
ture in the inner Galaxy, but mainly positive in the outer Galaxy.
While the residuals are statistically significant, Figure 7 shows
that the fractional difference in the inner Galactic plane is less
than 10%.

All of the models considered have large positive residuals at
intermediate and high latitudes about the Galactic center, most

69 Calculated as sign(∆) ∗
√

2(data ∗ log(data/model) − ∆) with
∆ = data − model.

Figure 7. Fractional residual maps, (model − data)/data, in the energy range
200 MeV–100 GeV. Shown are residuals for model SSZ4R20T150C5 (top) and
model SLZ6R20T∞C5 (bottom). The maps have been smoothed with a 0.◦5
hard-edge kernel; see Figure 6.
(A color version of this figure is available in the online journal.)

notably features coincident with those described by Su et al.
(2010) and Dobler et al. (2010), and a feature that is similar to
the radio-detected Loop I (Casandjian et al. 2009). The negative
residual of the Magellanic stream is also visible in the southern
hemisphere. It was not subtracted from the H i annular column
density maps because its contribution to the column density
was incorrectly assumed to be negligible. However, this does
not affect our model comparison because the models all include
this same extra column density. Due to the limited freedom in
our fits of the DGE to the γ -ray sky, no attempt will be made
here to characterize these residual structures but we do note that
their shapes depend on the assumed DGE model.

Point sources are also evident in the large-scale residuals,
indicating that the point-source fluxes determined by the fit are
biased in these areas. However, their PSF-like spatial extent
prevents them from affecting the DGE modeling significantly.
Only in areas with many overlapping point sources, such as in
the Galactic ridge, can they mimic the structure of the DGE.
Our tests have shown that inaccurate source modeling causes
less than 20% variations in the derived XCO factors, less than the
variation caused by the CR source distribution and gas properties
(see Section 4.3).

The track of the Sun along the ecliptic can also be seen
(particularly in the north), although it is not very prominent.
The quiet Sun is a source of high-energy γ -rays from CR
nuclei interacting in its atmosphere (Seckel et al. 1991) and
CR electrons and positrons IC scattering of the heliospheric
photon field (Moskalenko et al. 2006a; Orlando & Strong 2007,
2008; Abdo et al. 2011). However, when averaged over a year
the overall intensity of this component is very small, being less

12

(data-model)/model

Ackermann+ 2012 ApJ 750 3

Large scale features:

• Fermi bubbles
(Su, Slatyer & Finkbeiner 2010)

• Loop I (Casandjian & Grenier 2009)

• Many features on the Galactic 
plane

Not everything is in our templates ...
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The local γ-ray emissivity
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• γ-ray emission rate per H atom in the local interstellar 
medium 

• 10-20% uncertainties in the measurement

• can be compared to direct cosmic-ray measurements

compilation of Fermi-LAT collaboration results
within
~1 kpc

from the Sun
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Local interstellar cosmic-ray spectra
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Spectrum of Cosmic Rays from Diffuse Gamma Rays
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
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Figure 2: Spectra derived from model fitting. Yellow band shows model range. Model ranges are 1 standard deviation on
the parameterized synthetic spectra. Top: Measured and derived cosmic-ray proton spectra. Data are AMS01 (asterisks)
and PAMELA (diamonds). Middle: Measured and derived cosmic-ray electron spectra. Data are AMS01 (asterisks),
PAMELA (diamonds), and Fermi-LAT (squares). Bottom: Fermi-LAT emissivity data (vertical bars) and model, with
red and green curves showing the hadronic and leptonic bremsstrahlung contributions; the yellow band shows the total.
Emissivities from Casandjian [4], and cross sections from [6] (left column), [11, 10] (right column).
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Figure 2: Spectra derived from model fitting. Yellow band shows model range. Model ranges are 1 standard deviation on
the parameterized synthetic spectra. Top: Measured and derived cosmic-ray proton spectra. Data are AMS01 (asterisks)
and PAMELA (diamonds). Middle: Measured and derived cosmic-ray electron spectra. Data are AMS01 (asterisks),
PAMELA (diamonds), and Fermi-LAT (squares). Bottom: Fermi-LAT emissivity data (vertical bars) and model, with
red and green curves showing the hadronic and leptonic bremsstrahlung contributions; the yellow band shows the total.
Emissivities from Casandjian [4], and cross sections from [6] (left column), [11, 10] (right column).
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• can measure interstellar p 
spectrum from γ alone

• need to take into account 
uncertainties in nuclear 
production models 
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The Fermi LAT view of Cygnus X

17

encloses 3.2 × 104 (neff/10 cm−3)−1 solar masses
of ionized gas at 1.4 kpc (fig. S1D). However, the
mass is an order of magnitude too low and the
“Local” CR spectrum (i.e., that near the Sun) is
too soft to explain the LAT data (Fig. 4). The
cocoon partially overlaps a concentration of

ionized gas (fig. S1D). We fitted the N(HII) map
to the data in addition to the other interstellar
components. The template is significantly de-
tected, but at the expense of an unusually large
emissivity, much harder than in the other gas
phases (15). Its spectrum compares well with that

extracted with the 2° Gaussian source (fig. S7).
Thus, overlooked gas in any state, illuminated by
the same CR spectrum as found in the rest of the
region, cannot explain the observed hardness
of the cocoon emission. It requires a harder CR
spectrum.

Fig. 2. Photon count maps in the 10- to 100-GeV band (30), smoothed with a s = 0.25° Gaussian kernel, obtained for the total emission (A), after subtraction of
the interstellar background and all known sources but g Cygni (B), and after further removal of the extended emission from g Cygni (C).

Fig. 3. (A) Photon count
residual map in the 10- to
100-GeVband(30), smoothed
with a s = 0.25° Gaussian
kernel, and overlaid with
the 10−5.6 Wm−2 sr−1 white
contour of the 8-mm inten-
sity. The typical LAT angular
resolution above 10 GeV is
indicated. The black circles
mark g Cygni and Cyg OB2.
(B) An 8-mm map and solid
circles for g Cygni and stellar
clusters, as in Fig. 1. The
large magenta circle marks
the location and extent of
the source MGRO J2031+41
(14); dashed circles give
upper limits to the diffusion
lengths of 10, 102, and 103

GeV particles after 5000
years of travel time using
the standard interstellar
diffusion coefficient. Their
origin from the position of
the rim of g Cygni 5000 years
ago is purely illustrative.

www.sciencemag.org SCIENCE VOL 334 25 NOVEMBER 2011 1105
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• massive star-forming region:

- 1.5 kpc from the Sun

- > 100 O stars

- 10M solar masses of 
gas

• extended excess of γ rays 
with hard spectrum w.r.t. 
model with local emissivity



L. Tibaldo Fermi LAT observations of diffuse γ-ray emission of 25

A cocoon of young cosmic rays

18To reproduce the LAT data with pure ha-
dronic emission (16), we need an amplification
factor of (1.6 to 1.8) × (E/10 GeV)0.3 of the Local
proton and helium spectra in the cocoon. It im-
plies a total CR energy of 1.3 × 1042 J above 2
GeV/nucleon and a volume energy density 50%
larger than that near the Sun.

We calculated an upper bound to the IC emis-
sion expected from CR electrons, with the Local
spectrum, upscattering the stellar light from Cyg
OB2 andNGC6910 (16). The enhanced, infrared-
rich, interstellar radiation field (ISRF) in the re-
gion (fig. S8) also provides hard IC emission in
addition to the cluster contributions and to the
Galactic component included in the background
model. We used radio to infrared maps, the Local
electron spectrum, and a 25-pc (1°) thickness
along the lines of sight to estimate the ISRF and
IC spectra in each pixel subtended by the cocoon
(16). We added stellar light fields to account for
the average abundance of stars outside Cyg OB2
and NGC6910. The total IC emission, integrated
over the cocoon directions, is too faint and too
soft to match the data (Fig. 4). An amplification
factor of 60 × (E/10 GeV)0.5 of the Local electron
spectrum can, for instance, account for the LAT
data without overpredicting the average synchro-
tron intensity we measured at 0.408 and 1.42
GHz in the cocoon. The synchrotron calculation
used a magnetic field of 2 nT deduced from
pressure balance with the gas. The amplified
electron spectrum gives a total energy of 4 ×
1041 J above 1 GeV.

Whether CR electrons or nuclei dominate
the cocoon g radiation, its hardness points to
freshly accelerated particles. TeVelectrons have a
20,000-year lifetime against synchrotron and IC
losses in the cocoon environment (with av-
erage magnetic and ISRF energy densities of
9.9 and 6.8 MeV m−3, respectively). A hard pion
spectrum indicates nuclei having recently left
their accelerator. After a travel time t, particles dif-
fuse to a characteristic length L2D= [4D(E) t]

1/2 for

an interstellar diffusion coefficient D(E) = 1024

(E/10 GeV)1/2 m2/s. They can flood the entire
cocoon in a few thousand years from a single
accelerator anywhere in Cygnus X, with higher-
energy particles reaching farther out (Fig. 3B).
The fact that we obtain consistent widths for the
Gaussian source in the 1 to 10 and 10 to 100 GeV
bands, however, suggests an efficient confine-
ment inside the cocoon.

We conclude that the cavities carved by the
young stellar clusters form a cocoon of hard CRs.
It provides evidence for the long-advocated hy-
pothesis that OB associations host CR factories.

Where is/are the accelerator(s)? g Cygni is a
potential candidate. Its relation to the Cygnus X
cavities is unclear. It expands in low gas densities
[0.3 cm−3 (18)], but a chance alignment in this
crowded direction is possible. g Cygni shelters
energetic particles shining in g rays (figs. S2 and
S3). We used the present expansion character-
istics of the 7000-year-old shockwave to follow
its past evolution and to evaluate the energy the
particles could reach by Fermi acceleration at the
end of the free expansion phase, 5000 years ago
(16). With CR pressure feedback on the shock
and magnetic amplification by the streaming
CRs, we obtain maximum energies of 80 to 300
TeV for protons and 6 to 50 TeV for the radiating
electrons (16). These values are high enough to
explain the LAT emission with nuclei and/or
electron emission after a few thousand years of
interstellar propagation, but not the Milagro flux
with pure IC emission. The anisotropy of the
emission around the supernova remnant chal-
lenges this scenario. The slightly foreground
molecular ridge extending southeast of the
remnant (along L889 and HII region 4) may be
too far to serve as a target mass (10). Another
option involves a champagne flow (19, 20) with
the shockwave breaking away into a cavity and
advecting particles out, independent of their en-
ergy, but there is no evidence that the shockwave
of g Cygni rushes out on its eastern rim (12). In

the absence of advection, the short diffusion
lengths expected in the turbulent medium of
Cygnus X (see below) may rule out the very
young g Cygni as the unique accelerator in the
cocoon.

OB associations are considered as CR accel-
erators from the collective action ofmultiple shocks
from supernovae and the winds of massive stars
[e.g., (5,6,21–23)]. The age ofCygOB2, spreading
from 3:5þ0:75

−1:0 million years in the core to 5:25þ1:5
−1:0

million years in the northwest (9), allows the pro-
duction of very few supernovae, if any. NGC6910
has a comparable age of 6 T 2 million years (24).
We applied the superbubble acceleration formal-
ism (5) solely to the termination shocks of ran-
dom winds in the high gas pressure (10−12 Pa) of
the cocoon (16). Their characteristic size and
mean separation of ~10 pc is taken as the energy-
containing scale of the strong magnetic turbu-
lence (16). It leads to diffusion lengths that are
shorter by a factor of 100 than in the standard
interstellar medium; thus, protons can remain
confined over 100,000 years in agreement with
the time scale implied by isotopic abundances
(1, 25). Their energy distribution peaks at 10 to
100 GeV and extends to 150 TeV, so their g
radiation in the ambient gas can explain the
hard cocoon spectrum (16). It is therefore
possible that the cocoon is an active CR super-
bubble. It provides a test case to study the
impact of wind-powered turbulence on CR
diffusion and its potential for acceleration, both
for in situ CR production and to energize
Galactic CRs passing in the tangled environ-
ment of star-forming regions. Small g-ray spectral
variations across the cocoon can point to a single
accelerator or to a distributed acceleration within
the superbubble.

A dozen outstanding stellar clusters, at least
as young and rich as Cyg OB2, are known in the
Galaxy [e.g., (9)]. The production and confine-
ment of fresh CRs in the Cygnus X cocoon pro-
vides an alternative scenario on the origin of the
TeVemission seen toward several of these clusters
[the Arches, Quintuplet, and Sgr B2 (26), West-
erlund 2 (27), and Westerlund 1 (28)].
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Fig. 4. Energy spectrum of the
cocoon emission. The 1s errors
are statistical; 2s upper limits
are given below 1 GeV. The
Milagro flux (open circle), in-
tegrated over 78.7° < l < 81.7°
and –0.4° < b <2.6°, is
corrected for the extrapolation
of the TeV J2032+4130 source
at energies >10 TeV. The blue
curves show the expectations
from the Local CR spectrum
pervading the ionized gas for
electron densities neff = 10 cm−3

(solid) and 2 cm−3 (dashed). The
black curves give the expect-
ations from the Local CR elec-
tron spectrum upscattering the
stellar light from Cyg OB2 (up-
per dotted curve), NGC 6910 (lower dotted curve), and the interstellar radiation present in the cavity and
PDRs (dashed curve). The red curve sums all IC emissions.
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• requires freshly-
accelerated CRs, for 
local CRs

• hadronic → too soft 
amplification factor

• leptonic → too soft 
and faint   
amplification factor
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Outer Galaxy: the gradient problem

19

CR densities larger than expected in outer 
Galaxy

• large propagation halo (z)

• more sources

• missing gas

• varying diffusion coefficient (e.g. Evoli+ 2012), 
Galactic wind convection (e.g. Breitschwerdt+ 2002)

Abdo+ 2010 ApJ 710,133
Ackermann+ 2011 ApJ 726 81
Ackermann+2012 A&A 538 A71

Sun Sun
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• The diffuse γ-ray sky

• Recipes to model Galactic 
interstellar emission

• Implications for cosmic rays

• Evaluating systematic 
uncertainties due to diffuse 
emission modeling

20

Outline
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Systematics effects on source studies

• Galactic interstellar emission bright and structured → use 
alternative models

• for alternative models change

- building strategy (gas column densities/emissivities)

- input parameters on a grid (H I spin temperature, CR 
source distribution, CR propagation halo height)

- additional components to account for large-scale residuals

• and allow for more freedom in the fit to the γ-ray data (gas 
in ‘rings’)

• do not bracket standard model or cover the complete range 
of uncertainties

21

De Palma+ 2012, Fermi Symposium arXiv:1304.1395
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Test case: the supernova remnant Catalog

22

STDALT
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Alternative vs Standard IEM 
Relative difference map: 
 

!  for 2 years’ source class 1GeV ≤ E ≤ 10GeV photons. 

Most significant differences occur in the Galactic plane. 
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PRELIMINARY*

Alterna,ve!model:!!
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1-100 GeV, 2 years
standard model vs. alternative model

De Palma+ 2012, Fermi Symposium arXiv:1304.1395
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SNR Comparison:  

11!

Flux: Index: 

Alternative IEMs: 
Avg of 8 values with!

maximal range 
of!values’ 1σ 
statistical errors!

value, 
statistical error! split rings!

summed rings!

Standard IEM:!
,!

• can have large impact on 
source parameters

• strongly depends on source 
properties/location

• can be generalized to other 
classes of sources (next talk 
by Alex Drlica-Wagner)

Impact on sources

SNR Comparison:  

11!

Flux: Index: 

Alternative IEMs: 
Avg of 8 values with!

maximal range 
of!values’ 1σ 
statistical errors!

value, 
statistical error! split rings!

summed rings!

Standard IEM:!
,!

De Palma+ 2012, Fermi Symposium arXiv:1304.1395
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Final remarks
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• Galactic interstellar γ-ray emission is a tracer of cosmic rays

-  cosmic-ray acceleration and propagation,

- complementary to direct cosmic-ray measurements

•  Galactic interstellar emission models enable us to study 
sources, isotropic emission, dark matter

- uncertainties are not trivial to address and critical for the 
interpretation of the data


